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ABSTRACT Transgenic sorghum plants have been ob- 
tained after mlcroprojectfle bombardment of immature zygotic 
embryos of a drought-resistant sorghum cultivar, P898012. 
DNA delivery parameters were optimized based on transient 
expression oiR and CI maize anthocyanin regulatory elements 
in scuteDar cells* The protocol for obtaining transgenic plants 
consists of the delivery of the bar gene to immature zygotic 
embryos and the imposition of blalaphos selection pressure at 
various stages during culture! from induction of somatic em- 
bryogenesis to rooting of regenerated ptantlets. One in about 
every 350 embryos produced embryogenic tissues that survived 
blalaphos treatment; six transformed callus lines were obtained 
from three of the eight sorghum cut ti vars used in this research * 
Transgenic (To) plants were obtained from cultivar P898012 
(two independent transformation event*). The presence of the 
bar and uidA genes in the T» plants was confirmed by Southern 
blot analysis of genomic DNA. Pbospliinothrkin acetyltrans- 
ferase activity was detected in extracts of the T 9 plants. These 
plants were resistant to local application of the herbicide 
Ignite/Basta, and the resistance was inherited in Ti plants as 
a single dominant locus. 

Sorghum (Sorghum bicohrh. Moench) is an important grain 
and forage crop that is uniquely adapted to semiarid envi- 
ronments. It is typically the cereal grown in areas where the 
extremes of high temperature and low soil moisture are 
unsuitable for maize. In 1991 sorghum was fifth in production 
amongst all cereals with 58 million metric tons harvested on 
45 million hectares of land (1). It is a primary staple in the 
semiarid tropics of Africa and Asia for over 300 million 
people. These are evidentiary statistics of the significance of 
this crop in these regions, which are predominated by sub- 
sistence agriculture. In the western hemisphere sorghum is 
used primarily as livestock feed (2). The development of 
hybrid varieties of sorghum in the 1950s contributed substan- 
tially to the increase in production in the United States* 
Presently , sorghum is third amongst cereals in U.S. produc- 
tion and is the preferred crop in areas of low water availability 
because of its yield stability under drought conditions. 

Advances in biotechnology are now beginning to be used 
to augment traditional approaches for crop improvement 
Restriction fragment length polymorphism (RFLP) linkage 
maps are being constructed that should greatly facilitate plant 
breeding efforts for marker-assisted backcross programs (3, 
4) and, in the near future, may be used to clone agriculturally 
important genes through the use of map-based cloning strat- 
egies (5). To this date, however, there are no programs in 
sorghum to access the pool of genes that are available as the 
result of genetic engineering research, because of the lack of 
a transformation system. Transformation of protoplasts by 
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electroporation (6) or cell suspensions by microprojectile 
bombardment (7) has resulted in stable expression of trans- 
ferred genes; however, transgenic plants were not obtained. ' 

Microprojectile bombardment as a method to introduce 
DNA into cells circumvents two major constraints of cereal 
transformation. These arc the lack of an available natural 
vector such as Agrobacterium tumefaciens and the difficulty 
to regenerate plants when protoplasts are used for transfor- 
mation. Particle bombardment can target cells within tissues 
or organs that have high morphogenic potential. Immature or 
mature zygotic embryos (8-10), immature inflorescences (11. 
12), and shoot tips (13) of sorghum exhibit embryogenk 
competence. 

In this paper, we describe a procedure to produce trans- 
genic sorghum plants. To date, transformation systems have 
been described for cereals of major agricultural importance 
including maize 04, 15), oat (16), rice (17, 18), and wheat (19). 
Notable exceptions among important cereals in the world are 
barley and sorghum. Our research has defined parameters for 
the optimization of DNA delivery to immature zygotic em- 
bryos by microprojectile bombardment, identified an appro- 
priate selection agent, bialaphos, and established a selectio* 
protocol to recover transformed embryogenic callus atv 
transgenic (T 0 ) plants. Herbicide resistance was transferred 
to the Ti progeny. 

MATERIALS AND METHODS 

Plant Material and Tissue Culture. Sorghum genotypes 
representing a range of genetic backgrounds and a variety of 
agronomic types were used in this research. These included 
a high-tannin (IS4225), three food grain (CS3541, M91051 and 
TX430), and two drought-resistant (P898012, P954035) cir 
vars, as well as a Sfrfea-resistant (SRN39) and a KaoIiV^ 
sorghum (Shanqui red) cultivar. 

For isolation and culture of immature embryos, the pro- 
cedure of T. Cai and L.G.B. (unpublished data) was utilized. 
Immature zygotic embryos (12-15 days after pollination) 
were isolated and cultured onto a basal medium containing 
Murashige and Skoog (20) salts, modified B5 vitamins (rcf. 
21; without the addition of calcium panthotenafe) and agar (8 
mg/ml; Taiyo bacteriological grade) supplemented with as- 
paragine (150 /ig/ml), 10% coconut water, 2,4-dichlorophc- 
noxyacetic acid (2 Mg/ml), and sucrose (30 mg/ml) (1* * 
dium) for induction of embryogenesis and initiation of ■ 
bryogenic callus. Procedures for selection and maintenance 
of embryogenic tissue and shoot and root formation from 
organized structures were as described (12). Media contained 
the basal constituents supplemented with 2,4-dichlorophe- 
noxyacetic acid (2 Mg/ml), kinetin (0.5 Mg/ml), sucrose (30 
mg/ml) for maintenance of embryogenic tissue or indolc-3- 
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acetic acid (1 pg/m]), kinctin (0.5 fig/ml), and sucrose (20 
pig/ml) to facilitate shoot development. Plantlets (about 2 cm 
in height) were transferred to medium containing Murashige 
and Skoog salts (all at 0.5 x concentration), 1-naphthalene- 
. acetic acid (0.5 /ig/ml), indo!e*3-butyric acid (0.5 Mg/ml), 
sucrose (20 mg/ml), and agar (8 mg/ml) to allow root devel- 
opment. Bialaphos and indole-3-acetic acid were filter 
(0.2-/irn pore diameter) sterilized and added to cooled media 
(40-50*0- Cultures of immature embryos and embryogenic 
issue were grown in darkness and recultured every 2 weeks 
_nd were maintained at 26°C. Tissues on shoot regeneration 
medium were subcultured every 4 weeks and grown at 26°C 
under a 16-hr photoperiod (1000*2000 tx from fluorescent, 
cool white light). 

Ptasmlds. The plasmids used in this research, pPHP620 
(8J37 kb) and pPHF687 (9.056 kb), were provided by Pioneer 
Hi-Bred International. In these plasmids (pUC18) all marker 
genes were driven by a double cauliflower mosaic virus 35S 
promoter (22), with the (1RNA leader sequence (23) and the 
first intron of the maize alcohol dehydrogenase gene (24). The 
plasmid pPHP620 contains the reporter gene uldA (25), 
encoding ^-glucuronidase (GUS), and the selectable marker 
gene bar (26), encoding phosphinothricin acetyltransferase 
(PAT). pPHP687 contains the maize anthocyanin regulatory 
elements R (27) and CI (28). 

Microprojectile Bombardment. All experiments were con- 
ducted with the Biolistics PDS 1000/He system (29) using 
tungsten (M-25, 1.7 pm in diameter, DuPont no. 75056) or 
gold (1.5-3.0 fun in diameter, AJdrich no. 32,658-5) micro- 
projectiles. Gold (3 mg) or tungsten (0.75 mg) particles 
(previously washed in ethanol) in aqueous suspension (50 fd) 
were coated with 5-10 /ig of plasmid DNA. as described by 
the manufacturer (Bio-Rad). The particles were finely dis- 
persed with an ultrasonic cleaner (Sonicor Instrument Cor- 
poration, Copiague, NY) before bombardment. Bombard- 
ment pressures and distances from the launching plate were 
experimentally determined and were as indicated in the text. 
The plasmids were mixed in a ratio of 5 ftg of pPHP620 to 1 
/ig of pPHP687-— i.e., 1 ug/0.2 #ig— per bombardment, or 
pPHP620 was used alone at 2 ftg per bombardment. 
. Immature zygotic embryos, 10-15 per plastic Petri dish (15 
x 60 mm, Falcon no. 1007), were bombarded between 24 and 
72 hr after culture onto U medium. The embryos were 
transferred onto filter papers (4 J cm in diameter; Baxter 
glass fiber no. 391 overiayed onto Whatman no. 1) that were 
premoistcned but not saturated with liquid U medium. The 
filter papers functioned to absorb the water from the surface' 
of the embryos, and the embryos were left for 2-3 hr on the 
papers prior to bombardment* Immediately after bon&ard- 
ment, the immature embryos were removed from the papers 
and transferred to semisolid It medium. 

Selection Agent, The herbicide bialaphos (Meiji Seika, 
Yokohama, Japan) was used as the selection agent in these 
experiments (30). Bialaphos was dissolved in water (0.1 g/ml) 
and purified by filtration through a Os reverse-ph.^ column 
(Baker no. 7020-13). The filtrate was diluted to a final 
bialaphos concentration of 1 mg/ml. 

Analysis of Transgenic Tissues and Plants. Transient ex- 
pression was evaluated 48 hr after bombardment. First, 
anthocyanin accumulation (31) was determined. GUS activ- 
ity was then evaluated by histochemical assay (25). The 
number of red (anthocyanin accumulation) or blue (GUS 
activity) spots was determined using a stereo microscope 
(x50 magnification). Each distinct spot was counted as one 
expression event and the results are expressed as mean 
number of spots per embryo ± SE. Control embryos were 
bombarded with particles without DNA and no anthocyanin 
or GUS activity was detected, Samples for histology were 
prepared as described by Kononowicz ct aL (32). 
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For DNA blot analysis, 15 /ig of genomic DNA was 
isolated according to Dellaporta t% at (33), reacted overnight 
with restriction endonucleascs, separated in 0.8% agarose 
gel, transferred to nitrocellulose, and hybridized with **P 
labeled probe (34). The bar gene was detected with a 0.8-kb 
fragment from pPHP620 that contains the entire bar coding 
region and the proteinase inhibitor II (Pinll) terminator, 
whereas the uidA gene was visualized with a 2.2-kb fragment 
corresponding to the GUS coding region and the nopaline 
synthase terminator. 

PAT activity was evaluated in callus and leaf extracts 
according to DeBlock ct aL (30). The effects of the herbicide 
were assessed 2 and 4 days after local application of a 0.6% 
aqueous solution of Ignite/Basta (Hoechst), containing 0.1% 
Tween 20 onto the surface of young leaves. This herbicide 
contains glufosinate (200 mg/ml), the ammonium salt of 
phosphinothricin. Ti seedlings (two- or three-leaf stage) were 
sprayed with the herbicide and survival was evaluated 5 days 
later. 

RESULTS 

Optimization of DNA Delivery Parameters by Transient 
Expression. The maize R and CI transcriptional activators 
appeared to function Jn cells of immature zygotic sorghum 
embryos (Fig. 1A). Since anthocyanin accumulation is cell 
autonomous and its visualization is nondestructive, it was 
chosen as the marker to optimize DNA delivery to individual 
cells in the scutellura of immature embryos. Little difference 
was detected based on the type of microprojectile used. A 
substantially more uniform microprojectile bombardment 
pattern and greater reporter gene expression was achieved 
when the microcarriers were dispersed with an ultrasonic 
cleaner prior to loading onto the flying disk (Fig. 1 A and B). 
GUS expression was detected 4 and 15 days after bombard* 
ment indicating that division and growth of the cells to which 
DNA was delivered had occurred (Fig. 1 C and D). 

Cultured sorghum cells release phenolics into the culture 
medium (Fig. 2A), and the oxidized products inhibited mor- 
phogenesis and growth (8) and interfered with the evaluation 




Fio. 1. Transient gene expression in the scuteUum of immature 
zygotic sorghum embryos after DNA delivery by particle bombard- 
ment Anthocyanin accumulation (A) and GUS activity (H) are 
detected 48 hr after bombardment. A transverse section of the 
scutcHum (O shows GUS activity 4 days after bombardment. GUS 
activity is seen in callus derived from the scuteQuni, 15 days after 
bombardment (£». (A and B f x 10; C, X300; D. xi50.) 
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.wf„I Cerent selection strategies were imposed on 
mjmamre embryo, during the induction stage to ail 
Jo^Ttff* inn^diate exposure to bialaX 
* S*^ .«» the transformed cells. Embryos were 
grown on induction medium without selection for 2 wedts 



125 




900 



MOO 1550 900 1 100 

Pressure (psi) 



1550 



,* Q -\ ,. Tran A ,em expression of J? and CI transcriptional activa- 
A^k^l • U,dA *f ne ,n irnmalure zygotic sorghum embryos. 
Antbocyanin accumulation (A and B) and GUS activity (C and Di 
were evaluated in three cultivar. (M91051 . P898012, and P954035). at 
»Hl!f.^? u mcnl p ?V uref (Pressure) and at two distances be- 
"f*" the embryos and the particle launch site W and C, 6.0 cm; B 
ana u, 9.2 cm). 

and then transferred to maintenance medium with bialaphos 
at 3 Mg/inl, or selection was started on induction medium by 
transferring the embryo immediately after bombardment or 3 
or 7 days later to bialaphos at 1 wj/ml. Once that embryo- 
genie callus had developed, tissues were transferred to main- 
tenance medium with the herbicide at 3 iig/ml. Although 
substantial cell death occurred on induction medium supple- 
mented with bialaphos (Fig. 2A), no clear difference could be 
attributed to the different selection strategies. However, all 

J th f t 22 s transfcrrcd to lugh bialaphos 

^f. n ^ aU y Transfer of calU to maintenance medium 
with the herbicide at 3 /ig/ml imposed much higher selection 
pressure on the tissues. Since GUS activity could not be 
detected in sorghum tissues later than 3 weeks after bom- 
bardment, growth on bialaphos at a rate similar to untran: 
formed tissue on medium without bialaphos was used as an 
inrual phenotypic indicator of transformed callus (Fig 2B). 

Embryogcnic calti that had survived for 3 months on 
medium with bialaphos at 3 itg/ail were transferred to 
regeneration medium containing the same level of bialaphos 
and grown under light. A high proportion of this callus 
remained viable, whereas callus from embryos not bom- 
w ^'-containing plasmid died within 2 weeks. 

Flanttets (Fig. 2Q were maintained on regeneration medium 
for Z-3 months and then rooted on medium with bialaphos 
1 jig/ml. The regenerated plants were transferred to so 
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Fic 4 Southern blot analysis of genomic DNA from transgenic 
sorghum plants (cultivar P898012). Plant genomic DNA (15 im&wzs 
digested with £coRl and probed with the bar insert. DNA was from 
plants regenerated from transformed callus line 1119 (lanes 1-3). 
untransfonned seed-derived (Jane 4) and regenerated (lane 5) plants 
of cultivar P898012, untransfonned seed-derived (lane 6) and regen- 
erated (lane 7) plants of cultivar P954035, and plants regenerated 
from transformed callus line 1409 (lanes 8 and 9). 

acclimated to low humidity in a growth chamber* and even- 
tually moved to the greenhouse. The total period from 
initiation of the cultures to acclimation of plants in the 
greenhouse was 7 months. # 

Most of the putative transformed calli that survived Dial- 
aphos treatment on maintenance medium died when trans- 
ferred to bialaphos-containing regeneration medium. Of the 
surviving calli only a few exhibited shoot development. 
Exposure to light accelerates the development of phyto toxic 
activity of the herbicide. These results suggest that the calli 
might not be uniformly transformed and that only the cell 
sectors expressing the bar gene survive and grow after being 
transferred to the light. 

Only three of the eight genotypes (cultivars P898012, 
P954035, and TX430) produced embryogenic calli that sur- 
vived the bialaphos selection strategies imposed in this study. 
Approximately 1 out of 350 embryos (6 out of 2150 total) that 
were bombarded produced calli that survived bialaphos. Calli 
of only the cultivar P898012 regenerated plants after being 
subjected to bialaphos selection pressure on the regeneration 
and root-formation media. The lack of success in recovering 
embryogenic callus of cultivars CS3541, M91051, SRN39. 
and Sbanqui red that survives bialaphos selection may be 
partially attributable to their low morphogenic response from 
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Fio. 5. PAT activity in leaves of transgenic sorghum (cultivar 
P89B01Z) plants regenerated from callus lines 1119 and 1409. The 
reaction mixture contained 30 /ig of protein in 24 pi of a buffer 
solution (50 mM TriVHd. pH 7.5/2 mM EDTA) plus 4 /dof 1 mM 
phospninothricin and 4 >d of acetj4^ 14 C-CoA (sp. act. 57.9 mCl/ 
mmol; NEN). Lanes 1. no plant extract; lanes 2 and 3, extracts from 
untransfonned seed-derived and regenerated plants, respectively; 
Unes 4-6, extracts from three plants from line 1119; lane 7, extract 
from regenerated plant from line 1409; lane 8, extract from transgenic 
rice plant (35). Sixteen microliters (lanes 1-7) or 8 pi (lane 8) was 
applied to the chromatogram. Acetytated phospninothricin is iden- 
tified with the arrow. 
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immature embryos. These genotype-related differences 
might be diminished by using different explants (immature 
inflorescences or shoot tips; unpublished data) as targets for 
transformation. 

Evaluation of Transgenic Material. Embryogenic calli from 
two immature embryos of cultivar P898012 (1119 and 1409) 
survived bialaphos selection and produced plants. Genomic 
DNA hybridization with the bar probe indicated the presence 
of one and two genes in plants regenerated from lines 1119 
and 1409, respectively (Fig. 4). The restriction enzyme used 
linearized the plasmid pPHP620 in a region flanking the 
oar-Pinll probe. The presence of distinctive bands required 
digestion of the plant DNA, demonstrating integration of the 
gene in the plant genome. Analogous results were obtained 
with the uidA probe (data not shown). 

The plants regenerated from the two callus lines were 
morphologically similar to seed-derived sorghum plants. 
Plants derived from callus line 1119 flowered and all of them 
were fully fertile. These plants were resistant to bialaphos 
(Fig. 2 D and E) t and this resistance was due to the expression 
of the bar gene (Fig. 5). One plant regenerated from the 1409 
line has been evaluated for PAT activity and the result was 
positive (Fig. 5). The leaves of control plants (seed-derived or 
regenerated from tissues bombarded without DNA) treated 
with Ignite/Basta suffered substantial necrosis within 48 hr 
and eventually died. In many cases, the symptoms spread to 
the surrounding leaves, leading to the death of the entire 

aUcr - . . * ^ _w- 

Analysis of the Ti progeny showed segregation for herbi- 
cide resistance with 97 of 129, 145 of 182. and 52 out of 69 
seedlings (derived from three plants regenerated from callus 
line 1119) surviving after treatment with the herbicide, 
whereas all control seedlings died. These results agree with 
a 3:1 Mendelian segregation for a single dominant locus (P > 
0.05). 

DISCUSSION 
Transgenic sorghum plants have been obtained following 
microprojectile bombardment of immature zygotic embryos. 
Delivering DNA directly to the primary explant results in 
transformation of the embryogenically competent cells in the 
scutellum prior to the initiation of embryogenesis (10). Re- 
gardless of whether the somatic embryos arise directly from 
competent cells or arc derived from a callus intermediary 
(36), DNA is delivered at a stage when the one (or few) cell 
progenitor of each organized structure exists. This should 
reduce or eliminate chimerism (the mixture of untransfonned 
and transformed cells) in the organized structure or regen- 
erated plants. . . 

Transgenic plants were obtained from only 2 of 600 em- 
bryos of cultivar P898012 that were initially subjected to 
microprojectile bombardment. Although the reason for this is 
not clear at this point, the low frequency may be attributable 
to a number of different factors that affect the transformation 
process. It is generally assumed that transient expression is 
an indicator of the potential for DNA integration and stable 
expression. Although the DNA delivery parameters were 
defined as a part of this research, it is possible that an optimal 
protocol has yet to be established. The transformation vec- 
tors were designed for use with maize, and perhaps these 
constructs are not optimal for expression in sorghum cells. 
Transient expression in sorghum is lower than in maize. It is 
also possible that inherent characteristics of the sorghum 
scutellar cells make them somewhat unresponsive for tran- 
sient expression. Osmotic pretrcatments have been shown to 
increase transient expression and enhance integration of 
transferred DNA, and perhaps these would increase the 
responsiveness of sorghum cells (37 t 38). . 

Evidence also indicates that the transferred gene(s) is not 
expressed after sustained periods of culture. GUS activity, 
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which was high in transient assays, could not be detected in 
callus that had been maintained for prolonged periods on 
bialaphos selection pressure, despite the tact that Southern 
analysis indicated the presence of the uidA gene. This sug- 
gests that DNA methylation occurs in sorghum cells that 
inactivates the expression of transferred genes (39, 40). 

Although bar has proven to be a reliable selectable marker 
gene, conditions have not been established to optimize the 
application of bialaphos selection pressure for the efficient 
recovery of transgenic plants. The impact of selection pres- 
sure at various stages of embryogenic differentiation and 
shoot and root development needs to be established. Assum- 
ing some efficient capacity to screen for transgenic plants, it 
is not certain that applying selection pressure to the extent 
that all nontransformed cells or organized structures are 
eliminated is necessarily the most effective way to obtain 
transgenic plants. 

The sorghum cultivar transformed, P898012, is well 
adapted in Niger and Sudan and is known to have both 
preflowering and postflowering drought resistance. The 
availability of a gene transformation and regeneration system 
in sorghum opens up new opportunities to improve protein 
nutritional quality and other traits of a high-yield, drought- 
resistant sorghum cultivar which serves as a staple food for 
millions of people in sub-Saharan Africa. 

We have now demonstrated the usefulness of a selectable 
marker gene to optimize a sorghum transformation system 
which will eventually allow the introduction of agronomically 
important traits to sorghum by genetic transformation. 
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